Background. This study evaluated the functions of matrix metalloproteinase 2 (MMP2) in hepatocellular carcinoma (HCC) cells and assessed the effects of MMP2 on HCC cell sensitivity to cisplatin.
Introduction
Hepatocellular carcinoma (HCC) is the main type of liver cancer, accounting for more than half of all liver cancer cases [1, 2] . Currently, the therapeutic options for HCC patients are poor and mainly include surgical resection, liver transplantation, and several antitumour drugs [3] [4] [5] . However, the therapeutic effects are extremely limited.
The matrix metalloproteinases (MMPs), consisting of a series of subtypes in humans, are zinc-dependent endopeptidases that are involved in the digestion of the extracellular matrix (ECM) during cell invasion or migration [6, 7] . To date, more than 22 human MMPs and 25 vertebrate homologues have been identified [8] . MMPs are produced as inactive zymogens and are maintained in the inactive form by the interaction between a cysteine in the propeptide domain and a zinc ion in the catalytic domain [7] . Activated MMPs have been demonstrated to be associated with various cell physiological processes, includi ng cell apoptosis, proliferation, invasion, and migration [9, 10] . Therefore, MMP activation is considered to play a critical role in the progression of human cancers. Recently, MMP2 was reported to participate in the tumourigenesis of multiple tumours, such as thyroid cancer, lung cancer, and ovarian cancer [11] [12] [13] . However, whether MMP2 is involved in the tumourigenesis of HCC remains largely unclear.
This study aimed to evaluate the underlying functions of MMP2 in HCC cells and to assess the effects of MMP2 on the sensitivity of HCC cells to cisplatin. We first synthesized an effective siRNA against MMP2 (si-MMP2), and two HCC cell lines (HepG2 and Huh7) were transduced with si-MMP2-carrying lentivirus to block MMP2 expression. In subsequent functional assays, we found that the knockdown of MMP2 significantly inhibited cell proliferation and invasion and promoted cell apoptosis, suggesting that MMP2 may act as an oncogene in HCC. In addition, we found that the knockdown of MMP2 in HCC cells enhanced the sensitivity of HepG2 and Huh7 cells to cisplatin, indicating that MMP2 inhibitors may serve as enhancers of antitumour drugs.
Materials and methods

Cell lines and culture
The HCC cell lines HepG2 and Huh7 were both purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, and maintained in a humidified cell incubator containing 5% CO 2 and 95% air at 37°C with RPMI 1640 medium supplemented with 100 U/ml penicillin, 100 U/ml streptomycin and 10% foetal bovine serum (FBS).
Experiments on optimal transduction conditions
The optimal transduction concentrations and times were determined using western blot assays. Three parallel experiments were used in each treatment.
Gene silencing was performed using a lentivirus-mediated method [14] . The negative control siRNA (non-silencing siRNA with a scrambled sequence; si-con) lentivirus and the MMP2-siRNA (si-MMP2; target sequence, AGU AGA UCC AGU AUU CAU UCC CUG C [15] ) lentivirus were purchased from Sangon Biotech, Shanghai, China. Polybrene (Life Technologies; Carlsbad, CA, US) was used as the transduction enhancer. The lentivirus transduction procedures were performed according to the instructions indicated by the manufacturer (Sangon Biotech, China).
Optimal transduction concentration
HepG2 and Huh7 cells were seeded into 24-well plates at a density of 1×10 5 cells/well. A centrifuge tube (1.5 ml) was used, and serum-free culture medium without antibiotics at 150 μl was added. Afterwards, 15 μl of polybrene was added. The mixtures were applied to the cells to constitute the normal control, polybrene, si-con, 90 multiplicity of infection (MOI; lentivirus-cell ratio), 100 MOI, and 110 MOI groups. After 6 h of transduction, the complex culture medium was replaced with fresh medium. Then, the cells were incubated in 5% CO 2 and saturated humidity at 37°C for 72 h.
Optimal transduction time
HepG2 and Huh7 cells were seeded at a density of 1×10 5 cells/well. Serum-free culture medium without antibiotics at 300 μl was added to a 1.5 ml centrifuge tube. Polybrene (15 μl) was added. si-MMP2 was applied at the optimal concentration. Afterwards, the mixtures were applied to the cells to constitute the normal control, polybrene, 12-h, 24-h, 48-h and 72-h groups according to different transduction times. Other culture conditions were the same as the conditions mentioned above. An si-control group at the same concentration as that of si-MMP2 was also used for the 72-h culture.
Western blot
Total proteins of the treated HCC cells were extracted using RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.05% SDS, pH 7.4). After centrifugation by a refrigerated centrifuge (Eppendorf, TGL-18R) at 12,000 rpm/min at 4°C for 15 min, the supernatants were collected, and a protein assay reagent (Bio-Rad Laboratory, Hercules, CA, USA) was applied to determine the protein concentration. A total of 50 μg of protein was electrophoresed on a 10% SDS-PAGE gel and transferred onto PVDF membranes. After blocking with 5% non-fat dried milk at room temperature for 2 h, membranes were incubated with primary antibodies against MMP2 (mouse, 1:1,000, Ab86607, Abcam) and actin (mouse, 1:2000, Santa Cruz Biotechnology, USA) at 4°C overnight. The membranes were washed thrice for 15 min for each wash with Tris-buffered saline with Tween 20 (TBS-T; containing 1.65 ml of 20% Tween 20 and 700 ml of TBS). Then, the membranes were incubated with horseradish peroxidase-conjugated donkey anti-mouse IgG (1:3,000; Proteintech; Rosemont, IL, USA) for 45-60 min. After extensive washing, the blots were developed by ECL (Thermo Fisher Scientific Inc.; Waltham, MA, USA). Chemiluminescence was captured on a UVP BioImaging system (UVP; Cambridge, UK).
MMP2 knockdown experiments
Western blot assays showed that the optimal virus-cell ratio was 100 MOI for both cells and that the optimal transduction time for HepG2 and Huh7 cells was 48 h and 72 h, respectively ( Supplementary Figures 1 and 2 ).
In the following experiments, the obtained optimal transduction conditions were used, with six parallel wells for each group.
Validation of knockdown efficiency
HepG2 and Huh7 cells were seeded into 24-well plates at a concentration of 1×10 5 cells/well and incubated at 37°C overnight. Transduction was performed according to the optimal transduction conditions obtained in this study. The knockdown efficiency was validated by real-time quantitative polymerase chain reaction (RT-qPCR) and western blot assays [15] .
RT-qPCR
Total RNAs of treated HepG2 and Huh7 cells were prepared using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the protocol from the manufacturer. cDNA was synthesized using a Revert Aid First Strand cDNA Synthesis Kit (Thermo; USA) based on the total RNAs extracted from treated HCC cells. qRT-PCR was conducted on a 7900 HT Fast system (Applied Biosystems, California, USA) with the following protocol: 94°C, 5 min; 40 cycles of amplification (94°C, 30 s and 62°C, 40 s); and then 72°C, 10 min. The sequences of the MMP2 primers were 5'-AGA-CAGTGGATGATGCCTTTGC-3' (forward) and 5'-GGAGTC- Figure 1 . si-MMP2 knockdown efficiency. A, The knockdown efficiency according to the relative mRNA expression levels of MMP2 in HepG2 cells in the normal control, polybrene, si-control, and si-MMP2 groups based on real-time quantitative polymerase chain reaction (RT-qPCR). B, The knockdown efficiency according to the relative mRNA expression levels of MMP2 in Huh7 cells in the normal control, polybrene, si-control, and si-MMP2 groups based on RT-qPCR. C, The relative protein levels of MMP2 in HepG2 cells in the normal control, polybrene, si-control, and si-MMP2 groups based on western blot assays. D, The relative protein levels of MMP2 in Huh7 cells in the normal control, polybrene, si-control, and si-MMP2 groups based on western blot assays. ** P<0.01 vs. the normal control group, according to one-factor analysis of variance (ANOVA) followed by a post hoc least significant difference (LSD) test.
CGTCCTTACCGTCAAA-3' (reverse), and those of actin were 5'-CATCCTGCGTCTGGACCTGG-3' (forward) and 5'-TAATGT-CACGCACGATTTCC-3' (reverse). The results were analysed using the 2 -ΔΔCt method [16] , where ΔCt =ΔCt of the target or that of the reference (actin), and -ΔΔCt= average ΔCt of the control or that of the target. The 2 -ΔΔCt method reflects the relative expression of the target gene to that of the control.
Western blot
The procedures were performed as described above.
Cell invasion assay (Transwell assay)
The cell invasive ability of treated HCC cells was determined using Transwell chambers (8-μm pore size; BD Biosciences, San Jose, CA, USA) with Matrigel coating (BD Biosciences). The upper chamber was filled with 200 μl of treated HepG2 and Huh7 cells ( 1×10 5 ) in serum-free medium, and 500 μl of medium containing 5% FBS was added into the lower chamber. After incubating at 37°C for 24 h, the non-invasive cells were removed, and the invasive cells were fixed and stained using crystal violet. Invasive cell numbers were counted under a microscope (×100). Five visual fields were randomly selected, and the average was obtained.
MTT assays
Cell viability was assessed by MTT assays following the procedures described in the literature [17] . In this study, HepG2 and Huh7 cells were infected according to the optimal transduction conditions obtained in this study. The optimal virus:cell ratios for both cell lines were 100 MOI, and the optimal transduction times for HepG2 and Huh7 cells were 48 and 72 h, respectively. Then, the transduced cells were transferred to a 96-well plate for MTT assays at a density of 2×10 4 cells/well. After washing three times with phosphate buffered saline (PBS), cells were incubated with 20 µl of MTT solution at 5 mg/ml for 4 h at 37°C in a humidified CO 2 incubator. The media were removed, and then 150 µl dimethylsulphoxide (DMSO) was added into each well and incubated at room temperature for 10 min. Finally, the absorbance was measured at 490 nm with a microplate reader (Sunrise™; Tecan Group Ltd., Switzerland).
Apoptosis analysis
The cell apoptosis rate of HCC cells infected with si-MMP2 lentivirus was determined by Annexin-V/PI double staining followed by flow cytometry analysis [18] . Briefly, treated HepG2 and Huh7 cells were seeded in 24-well plates at a concentration of 2×10 4 cells/well and maintained overnight at 37°C. After washing with cold PBS, HepG2 and Huh7 cells were resuspended in 500 µl binding buffer containing 5 µl PI and 5 µl FITC-labelled Annexin-V and incubated for 10 min in the dark. Subsequently, apoptotic HepG2 and Huh7 cells were analysed with a FACScan flow cytometer and Kaluza analysis software (Beckman, Fullerton, CA, USA).
Cisplatin cytotoxicity assays
HepG2 and Huh7 cells were infected according to the optimal transduction conditions and were seeded in a 96-well plate at a density of 2×10 4 cells/well. Cisplatin was added into each well, and the final concentration of cisplatin was 50 μg/ml. The incubation with cisplatin was conducted following a procedure described in the literature [19] . At 24 h after incubation, MTT assays were used to examine the cell viability of HCC cells, and the procedures were performed as described previously.
Statistical analysis
All the data are expressed as the mean ± standard deviation and processed with SPSS 24.0 software (SPSS, Inc., Chicago, USA). The normality of the data distribution was tested using the Kolmogorov-Smirnov method, and the homogeneity of variance was determined using Levene's test. One-factor analysis of variance (ANOVA) followed by a post hoc least significant difference (LSD) test was performed for comparisons between groups. P<0.05 and P<0.01 were considered significant and very significant, respectively.
Results
Knockdown efficiency of si-MMP2
The knockdown efficiency of si-MMP2 was evaluated using RT-qPCR and western blot assays. No significant differences in the mRNA expression of MMP2 were observed among the control, polybrene, and si-con groups in both cell lines (P>0.05); however, compared with that in any other group in the same cell line, the MMP2 mRNA expression in the si-MMP2 group was significantly downregulated, indicating a significantly increased MMP2 knockdown efficiency (P<0.01; Figure 1A and 1B). Western blot assays showed consistent outcomes with those based on RT-qPCR experiments ( Figure 1C and 1D ).
MMP2 knockdown decreased cellular proliferation and increased cellular apoptosis
To investigate the biological functions of MMP2 in HCC, we blocked MMP2 expression in HepG2 and Huh7 cells by si-MMP2, and cell proliferation and apoptosis were then assessed using MTT assays and flow cytometry analysis, respectively. Optical density (OD) values from the MTT assays indicate that, compared with that of the normal control cells, the proliferation of HepG2 and Huh7 cells infected with si-MMP2 lentivirus was significantly inhibited; however, the proliferation of cells from the remaining three groups did not significantly differ from that of the normal control cells (Figure 2) .
Annexin V/PI double staining and flow cytometry analysis were performed to further evaluate the apoptosis of HepG2 and Huh7 cells after MMP2 knockdown (Figure 3 ). In both cell lines, no significant differences in the apoptotic rate were observed among the control, polybrene, and si-con groups in both cell lines (P>0.05). However, compared with that in any other group from the same cell line, apoptosis in the si-MMP2 group significantly increased (P<0.01).
MMP2 knockdown inhibited the cell invasive capacity of HCC cells
To further determine whether MMP2 was involved in the invasion of HCC cells, Transwell assays were performed (Table 1; Supplementary Figure 3) . The invasive cell counts of the control, polybrene, and si-con groups were comparable to that reported in the literature [20] . In both cell lines, no significant differences in the number of invasive cells were observed among the NC, polybrene, and si-con groups (P>0.05). However, compared with that in any other group from the same cell line, the number of invasive cells in the si-MMP2 group significantly decreased (P<0.01).
MMP2 knockdown increased the sensitivity of HCC cells to cisplatin
HCC cells were treated with si-MMP2 and cisplatin (50 μg/ml), and an MTT assay was then performed to assess cell viability (Figure 4) . No significant differences in the OD values were observed among the NC+cisplatin, polybrene+cisplatin, and si-con+cisplatin groups in both cell lines (P>0.05). However, compared with that in any other group from the same cell line, the OD value in the si-MMP2+cisplatin group significantly decreased (P<0.01).
Discussion
In this study, we demonstrated that knockdown of MMP2 in HepG2 and Huh7 cell lines by infecting cells with si-MMP2 lentivirus strongly inhibited cell proliferation and invasion and significantly promoted cell proliferation.
The process of invasion and migration of tumour cells requires degradation of the ECM and basement membrane, and MMPs that are expressed by almost all tumour cells perform this proteolytic process [21] [22] [23] . According to their exact functions and distributions in cells, MMPs can be divided into multiple subtypes. MMP2 is an important member of the MMP family that was found to be overexpressed in multiple human tumours, including HCC [24, 25] . Liu et al. [26] demonstrated that downregulation of MMP2 and MMP9 was induced by the main components of pomegranate, ellagic acid and luteolin, and suppressed the metastasis of ovarian cancer. Downregulation of MMP2 and MMP9 induced by TRIM31 knockdown was shown to suppress the proliferation and invasion of gallbladder cancer [27] . In addition, Fang et al. [28] reported that downregulation of MMP2 induced by microRNA-29b overexpression significantly inhibited tumour angiogenesis, invasion, and metastasis of HCC. Our results were consistent with previously reported results [28] .
Given the complexity of the pathogenesis of HCC, the current therapeutic options for HCC mainly include surgical resection, liver transplantation, and chemotherapy with several antitumour drugs, such as cisplatin, sorafenib, and brivanib [29, 30] . Currently, cisplatin remains the first-line chemotherapeutic agent for HCC [31] . In this study, cisplatin was applied to HCC cells after MMP2 knockdown. The results showed that, compared with those of the other groups, the OD values of the MMP2 knockdown groups were substantially decreased, suggesting that MMP2 knockdown may have a synergistic reaction with cisplatin in inhibiting the proliferation of HCC cells. Recently, an inhibitor of MMP2 was shown to enhance the sensitivity of platinum-resistant ovarian cancer cells to cisplatin [32] . In addition, Li et al. reported that genistein could reinforce the inhibitory effects of cisplatin on HCC by downregulating MMP2 expression [33] . Our results are consistent with those previously reported, suggesting that MMP2 may serve as a target in the treatment of HCC in clinical practice.
This study has limitations. This study was conducted in vitro, and therefore, microenvironmental changes in vivo may alter the results. Furthermore, in this study, two HCC cell lines were employed. To further validate the roles of MMP2 in the proliferation and invasion of HCC cells, more cell lines and in vivo studies should be involved in 
HepG2 Huh7
Normal control 276±15 136±22 Polybrene 213±11 139±9 si-con 231±24 145±21
si-MMP2 126±15** 76±8** ** P<0.01 vs. the normal control group, according to one-factor analysis of variance (ANOVA) followed by a post hoc least significant difference (LSD) test.
future studies. In conclusion, MMP2 knockdown inhibits the progression of HepG2 and Huh7 cells and enhances the cytotoxicity of cisplatin to these cells, suggesting that MMP2 may act as a therapeutic target for HCC patients.
